Summary.
Intrapineal neurons and intracapsular and intrapineal myelinated fibers were studied by light microscopy in male cotton rats (Sigmodon hispidus) at various postnatal ages. Until 300 days of age, neurons are encountered mainly in the distal third of the organ; neuronal nuclei are largest in this region. The remaining regions contain only a few neurons with smaller nuclei. In all regions, nuclear sizes of the neurons increase, and neuronal numbers reduce by half until 100-200 days. Neurons thus consist of different populations of cells, and the aging changes in neuronal nuclei seem to be related to the differentiation of the organ. The disappearance of neurons and the enlargement of the nuclei of remaining neurons proceed simultaneously with age. Intracapsular and intrapineal myelinated fibers appear at 20 days and their density increases with age. As the myelinated fibers are distributed mainly in the distal region and its capsule, these fibers are related topographically to intrapineal neurons. The intracapsular myelinated fibers continue into bilateral bundles of myelinated fibers found under the transverse sinuses, corresponding to the nervi conarii. Since the intracapsular fibers and the fibers traced between the capsule and the parenchyma bifurcate in a proximal direction, the intracapsular fibers are considered to run proximally, some entering the organ.
We recently have shown that the postnatal development of the pineal gland of the Chinese hamster is markedly influenced by varying photoperiodic conditions (MATSUSHIMA et al., 1990) . As part of a series of studies concerning photoperiodic effects on the pineal development in mammals, we have selected cotton rats (Sigmodon hispidus) as an additional photosensitive species, and have examined their pineal glands at various postnatal ages under the light microscope.
In the course of the above study, we found that the pineal gland of young cotton rats contained numerous neurons. In addition, the examination of sections stained with luxol fast blue revealed that myelinated fibers were abundantly distributed in the distal region of the pineal gland and a connective tissue capsule surrounding it, whereas these fibers were scarce in the proximal pineal region and its capsule.
The exact nature and significance of intrapineal neurons in mammals are not known, and the frequency of intrapineal neurons varies greatly from species to species. Some or many neurons have been demonstrated in the pineal glands of the rabbit (ROMIJN, 1973 (ROMIJN, , 1975 , monkey (KOLMER, 1929; LEVIN, 1938; LE GROS CLARK, 1940; KENNY, 1961; DAVID et al., 1975; ICHIMURA et al., 1986) and ferret (TRUEMAN and HERBERT, 1970; ; however, those neurons were either absent or scarce in many species (DECK, 1979; VOLLRATH, 1981; KORF and MQLLER, 1984) . In many mammals, myelinated fibers are distributed mainly in the proximal region of the pineal gland; such fibers are generally believed to be originated from the central nervous system (KARASEK, 1983; KORF and MQLLER, 1984, 1985) . Myelinated fibers, which are distributed predominantly in the distal pineal region, have yet to be described. Thus, studies on intrapineal neurons and myelinated fibers in the pineal gland and its capsule in the cotton rat should provide references for understanding the pineal innervation of mammals in general.
In the present study, postnatal observation at the light microscopic level was made on intrapineal neurons and myelinated fibers in the pineal gland and *This study was supported in part by a grant from the Akiyama Foundation, Japan. 
MATERIALS AND METHODS
Thirty-eight male cotton rats (Sigmodon hispidus) from our breeding colony were used. Several pairs of cotton rats were transferred from the Hokkaido Institute of Public Health in 1984 (KAWASE and SATOH, 1978) , with the animals maintained since then in our laboratory.
The animals were kept under conditions of controlled lighting (LD 14:10; lights on at 0600 h) and temperature (23+2t). Light was provided by cool-white fluorescent lamps, with the intensity at the bottom of the cages being approximately 20lux. After weaning at 20 days, the animals were fed a standard commercial diet and water ad libitum. One to four animals each were housed in a clear plastic cage, 30(w)x35(1)x17cm (h). The body weights of male cotton rats kept under the above conditions increased rapidly from birth to 60 days, thereafter increasing gradually to reach their maximum at 180 days (body weights of 10 animals were 6.5+0.1g at birth, 29.2+0.9g at 20days, 113.9+2.9g at 60 days, 148.1+3.9g at 100 days, 191.9+4.1g at 200 days, 196.3+5.2g at 300 days). The animals were killed by decapitation at the middle of the light period (1300h) at 0, 20, 60, 100, 200 and 300 days; 7 animals were killed at 100 days and groups of five animals each were killed at the other age periods.
The pineal glands together with the surrounding brain tissue were rapidly removed, fixed for 20 h in Bouin's fluid, dehydrated in a graded series of ethanol, cleared in benzene, and embedded in paraffin. The embedded brain tissues were oriented so that the pineal gland could be cut transversely from the distal end. Serial sections were prepared at a thickness of 8 pm. Sections from five animals at each age period were stained with luxol fast blue and cresyl violet (LC), and those from two animals at 100 days were stained alternatively with these dyes. In addition, groups of two animals each were killed at 20, 60 and 100 days. A small portion of the brain containing the pineal gland, approximately 2mm thick and 6mm in width and length, was removed together with the covering dura and fixed in 4% paraformaldehyde-1% osmium tetroxide in 0.1M cacodylate buffer (pH 7.4) for 60min at 0C. Fixed tissues were dehydrated and embedded in Spurr's low viscosity plastic (SPURR, 1969) . Serial transverse sections 2um thick were cut with glass knives on a Reichert OmU3 microtome and stained with toluidine blue.
LC-stained sections of the pineal gland, from the level of its distal end to that of the distal end of the pineal recess, were used for the qualitative and quantitative observations of pineal parenchymal cells, intrapineal neurons and myelinated fibers in the pineal gland and its capsule. All the serial sections were examined at a magnification of 600x, and the number of neurons per pineal gland was counted. In animals at 20-300 days, the number of neurons was determined by counting the nucleolar profiles. Since the neuronal nucleus in newborn rats often contains two or more nucleoli, only typical neurons with large pale nuclei and prominent Nissl bodies were counted. It was determined whether or not the same nucleus appeared in two adjacent sections by using all the serial sections from the pineal glands of two newborn rats. The profiles of the pineal gland in adjacent sections were drawn on tracing paper at a magnification of 200x, and at the same time the neuronal nuclei in the profiles were plotted. When nuclei were found in similar locations in the profiles, the nucleus in adjacent sections was examined at a magnification of 1,000x to determine whether or not it was the same one. Neuronal nuclei, which could be regarded as located in two adjacent sections, occurred only occasionally; the number of such nuclei was less than 3% of the total number of nuclei.
Serial sections of the pineal glands from five animals at each age period from birth to 300 days were divided into three equal parts, i.e., those of the distal, middle and proximal pineal regions, and neuronal numbers and nuclear areas of neurons were determined in the respective regions. Neuronal numbers were counted at each age period, and nuclear area measurements were made at those periods other than 300 days. In order to determine a more detailed distribution of intrapineal neurons in a proximodistal direction in newborn rats and animals at 20, 60 and 100 days, neuronal numbers in each set of 10 serial sections were calculated proceeding from the distal to proximal levels. In addition, neuronal distribution on a transverse plane was examined in each representative animal at the above 4 age periods. A set of 10 serial sections containing the most numerous neurons was selected, the profiles of the pineal gland in these sections were drawn at a magnification of 200x, at the same time the neuronal nuclei were plotted on the profiles, and finally all the neuronal nuclei were superimposed and plotted on one representative profile. The profiles of the pineal gland in a pineal gland, its capsule and the tissues adjacent to the gland. Sections stained alternatively with luxol fast blue and cresyl violet were also used to examine the course of myelinated fibers distributed in the tissues surrounding the gland.
Data were expressed as the mean + the standard error of the mean.
RESULTS

Qualitative observations
In newborn rats, the pineal parenchyma is composed of light and dark areas, the parenchymal cells being scattered in the light area (Fig. 1) . Nuclei of the parenchymal cells are round or oval, and are intensely stained with cresyl violet. The parenchymal cells could not be classified into cell types according to their nuclear morphology. In transverse sections, the light parenchymal area appeared as a transverse band lying directly under the ventral or lateral surface of the distal region of the pineal gland (Fig. 1) . Neurons were frequently found in the light area (Fig.  1) , a few of them occurring also among parenchymal cells in the dark area. Nuclei of neurons were larger and paler than those of parenchymal cells (Fig. 2) . Neuronal nuclei were round or oval and contained one or two small nucleoli which were located at the periphery of the nucleus (Fig. 2) . A small amount of cytoplasm occupied by the Nissl bodies often formed a narrow rim around the nucleus (Fig. 2) . The base of a dendrite was also filled with Nissl bodies (Fig. 2) . Some neurons possessed a considerable amount of cytoplasm (Fig. 2 ). Capillaries were scattered in the dark parenchymal area, whereas the light area was usually devoid of them. Mitotic figures occasionally occurred in both the light (Fig. 2) and dark ( Fig. 1 ) parenchymal areas.
The light parenchymal area decreased in size at 20 days; it became less apparent from 60 days. From 20 days, two types of parenchymal cells, i.e., pinealocytes and glia-like cells, were identified; the nuclei of pinealocytes were larger and paler than those of glia-like cells (Fig. 3) . The nuclei of both parenchymal cells and neurons showed round, oval or irregular profiles (Fig. 3) . Pinealocytes and neurons with nuclei of irregular profiles appeared to increase in number with age. From 60 days, glia-like cells were clustered surrounding the capillaries, and neurons were situated adjacent to the capillaries and glia-like cells (Fig. 3) . At 20 days, one could find no special relation of neurons to glia-like cells or to capillaries. Neuronal nuclei, nucleoli and cell bodies increased in size with age. From 20 days on, the neuronal nuclei were seen to contain a large, centrally located nucleolus (Fig. 3) , and no mitotic figures could be seen.
The pineal gland of the cotton rat appeared clubshaped; the enlarged, distal region continued through the narrow stalk into the proximal region surrounding the pineal recess (PETTERBORG and REITER, 1980) . Figs. 7 and 8. Myelinated fibers (arrows) in the connective tissue interposed between the ventral area of the distal pineal region (PIN) and the great cerebral vein (GCV) in animals at 20 days (Fig. 7) and at 100 days (Fig. 8) The distal region was directed toward the confluens sinuum; the distal end lay directly under the confluens sinuum or protruded into it. Examination of serial sections from 100-day-old animals, stained alternatively with luxol fast blue and cresyl violet or toluidine blue, revealed bilateral symmetrical, small bundles of several myelinated fibers running under the floor of the transverse sinuses. These bundles came to lie close to each other under the confluens sinuum and were located directly underneath the endothelium (Fig. 4) . When emxamined in serial sections, the myelinated fibers in the bundles were found to continue into those distributed in a thin connective tissue surrounding the pineal gland (Figs. 4-6 ).
In the cotton rat, the great cerebral vein ran along the axis of the pineal gland, lying just upon the ventral or lateral surface of the organ (Figs. 1, 7, 8) . The intracapsular myelinated fibers were mainly distributed in the connective tissue interposed between the distal region of the pineal gland and the floor of the confluens sinuum, and between the surface of the pineal gland and the great cerebral vein (Figs. 5-8 ), which passed upward to empty into the confluens (Fig. 6 ). Since the great cerebral vein occupied a position immediately ventral or lateral to the pineal gland, intracapsular fibers were commonly found on the ventral or lateral surface of the organ (Figs. 7, 8) . Intracapsular fibers were abundant in the capsule of the distal pineal region (Figs. 5-9 ), but less numerous in that of the proximal region. Intracapsular fibers were usually transected in transverse sections (Figs. 7-9 ).
Myelinated fibers were also distributed in the pineal parenchyma, though less numerous than in the capsule. Intrapineal myelinated fibers were common in the distal pineal region (Figs. 9, 10 ), but scarce in the proximal region. The density of both intracapsular and intrapineal fibers increased from 20 to 100 days. At 20 days, bundles of intracapsular fibers were composed of small numbers of fibers (Fig. 7) . The number of fibers in a bundle increased from 20 to 100 days (Figs. 8, 9 ). Intracapsular fibers occasionally extended into the pineal parenchyma (Fig. 9) . Intrapineal fibers were exclusively located near capillaries (Fig. 10) . The distribution of myelinated fibers exhibited no regional differences on a transverse plane. At birth, neither the pineal gland nor its capsule contained myelinated fibers.
The course of individual myelinated fibers was examined using toluidine blue-stained, serial transverse sections from 100-day-old animals. Although most of the intracapsular and Intrapineal myelinated fibers could not be followed over many sections because of changes in their directions, some fibers were found to divide into two branches in a proximal direction. Myelinated fibers, which could be traced continuously between the pineal parenchyma and the capsule, bifurcated in either the parenchyma or the capsule. Such fibers occasionally occurred in the distal pineal region, but not in the proximal region. Intracapsular and intrapineal myelinated fibers dichotomizing in a distal direction were not recognized.
Quantitative observations
The mean neuronal number per pineal gland counted approximately 800 at birth, decreasing thereafter to about half until 100 days (Fig. 11) . It remained almost constant from 100 to 300 days. In all age periods, the majority of neurons were located in the distal third of the pineal gland, the neuronal number being minimal in the proximal third (Fig. 12) . A similar reduction of neuronal numbers from birth to 100 days occurred in all pineal regions. Figure 13 shows a more detailed distribution of neurons in a proximo-distal direction for 4 different age periods. Since the data were similar among individual animals of the same age, those obtained from an animal at each age are presented in the figure. As seen in the figure, the sites, where neurons accumulated, retained a similar position in the distal region of the pineal gland, in spite of the proximo-distal growth of the pineal gland with age. In all animals in the above 4 age periods, the third to fifth sets of sections, numbering from the distal to proximal level, contained the most numerous neurons. Figure 14 shows the position of neurons on a transverse plane in the same animals as depicted in Fig. 13 ; the neuronal nuclei seen in a set of 10 serial transverse sections containing the most numerous neurons, i.e., the fourth or fifth set of sections (Fig.  13) , are superimposed and plotted on one representative section of the pineal gland. When summarizing the data shown in Figs. 13 and 14 , it is evident that neurons are mainly located in the ventral or lateral area of the distal pineal region at all age periods.
From birth to 200 days, the nuclear areas of neurons of the pineal gland were largest in the distal third and smallest in the proximal third (Fig. 15) . Nuclear areas of neurons in all pineal regions increased with age from birth to 100 days. Nuclear areas in the distal region appeared to be larger at 200 days than at 100 days, whereas those in the other regions were similar at 100 and 200 days. Measurements of 50 neurons from the distal third of the pineal gland indicated that the long diameters of their nuclei and cell bodies were 8.8+1.0pm and 12.1+1.6pm, respectively, in newborn rats, and were 10.3+1.1pm and 14.8+2.2pm, respectively, in 100-day-old animals.
DISCUSSION
The existence of varying numbers of neurons has been demonstrated in the pineal glands of the rabbit, monkey and ferret; however, the data concerning the number of intrapineal neurons in the above species are fragmentary. The number of neurons in the pineal gland of adult rabbits has been reported to be approximately 40 (RoMIJN,1973) . Examination of every 10th serial sections showed the presence of about 2,000 neurons in the pineal gland of the monkey (Macaca radiata) (LEVIN, 1938) . It has been determined by serial sections that the midsagittally halved pineal gland of an adult monkey (Macaca fuscata) contained 69 neurons (IcHIMURA et al., 1986) . In adult ferrets, neurons accumulate into a so-called pineal ganglion in the caudal (distal) half of the pineal gland, though no description has been available concerning their number (TRUEMAN and HERBERT, 1970; . As seen in the present study, the pineal gland of adult cotton rats contains numerous neurons comparable to those of the monkey. However, the presence of Intrapineal neurons has not been described in previous light (PETTERBORG et al., 1980) and electron (MATSUSHIMA et al., 1979; KARASEK et al., 1983a, b) microscopic observations of the pineal gland of the cotton rat. The cotton rats used in the above studies were adult animals from the wild, and intrapineal neurons may for some reason be absent or scarce in wild cotton rats. The present study is the first to demonstrate postnatal changes in the Intrapineal neurons of mammals. Nuclear sizes of Intrapineal neurons exhibit regional differences even in adult cotton rats, where the neuronal nuclei in various pineal regions attain their maximum sizes. Thus, Intrapineal neurons of this animal seem to be composed of different populations of cells. Increases in nuclear sizes of Intrapineal neurons with the age are believed to reflect the functional differentiation of the organ. In newborns or 20-day-old animals, intrapineal neurons have no topographical relation to parenchymal cells or capillaries, whereas neurons usually lie close to glia-like cells and capillaries after 60 days. The relation of intrapineal neurons to the surrounding structures may change as neurons differentiate.
In the developing pineal gland of the cotton rat, the number of neurons in all pineal regions decreases with the age. When viewed with the electron microscope, the pineal gland of young cotton rats contains occasional degenerating neurons (unpublished observations) . It is possible that about half the number of Intrapineal neurons present in newborn rats degenerate and disappear in the course of development. The pineal gland of newborn and 20-day-old rats reveals light parenchymal areas containing clusters of neurons, whereas such areas are obscure after 20 days. We have found, under the electron microscope, that this light area is largely composed of a network of small cytoplasmic processes; typical synapses are frequently seen among the processes (unpublished observations). Such processes may represent axons and dendrites of Intrapineal neurons. As mentioned Days of age above, degeneration of intrapineal neurons predominates from birth to 20 days. This is probably the reason why the light parenchymal area becomes obscure after 20 days. Myelinated fibers originating from the central nervous system enter the pineal gland via habenular or posterior commissures in various mammalian species (KARASEK, 1983; KORF and MOZLLER, 1984, 1985) ; such fibers are mainly distributed in the proximal region of the organ. In the cotton rat, on the contrary, myelinated fibers are abundant in the distal region and its capsule. Since the number of fibers in the proximal region and its capsule is smaller than that in the distal region and its capsule, it seems improbable that these fibers are derived from the commissural fibers.
In the cotton rat, myelinated fibers distributed in the connective tissue covering the distal region of the pineal gland continue into the bilateral symmetrical bundles of myelinated fibers found under the floor of the transverse sinuses. The course of such bundles of myelinated fibers corresponds to that of the nervi conarii described in various mammalian species (KAPPERS, 1960; VOLLRATH, 1981) . Our observations on the cotton rat indicate that intracapsular fibers usually run in a proximal direction, some intracapsular fibers penetrating the pineal parenchyma. When the above findings are considered together, it is assumed that myelinated fibers enter the pineal gland by way of the nervi conarii. However, whether or not intracapsular and intrapineal myelinated fibers are exclusively originated from the fibers in the nervi conarii should be confirmed by demonstrating their degeneration following transections of the nervii conarii.
According to classical studies, the nervi conarii contain myelinated fibers in several mammalian species (dog, goat and man, KOLMER and LOWY,1922; monkey, KOLMER and Lowy, 1922; KOLMER, 1929; LEVIN, 1938; LE GROS CLARK, 1940) . In more recent observations, however, no attention has been paid to the presence of myelinated fibers in the nervi conarii (rat, KAPPERS, 1960; KENNY, 1965; bat and cat, KENNY, 1965; rabbit, ROMIJN, 1973) . Our preliminary studies showed that small numbers of myelinated fibers are present in the nervi conarii of the Chinese hamster and mouse (unpublished observations). Thus, the existence of myelinated fibers in the nervi conarii appears to be common to mammals, though their numbers vary among species. It is generally accepted that the sympathetic fibers originating from the superior cervical ganglia enter the pineal gland via the nervi conarii in various mammalian species (KAPPERS, 1960; for reviews, see VOLLRATH, 1981; KORF and MQLLER, 1984) . Since postganglionic sympathetic fibers are abundantly distributed in the pineal gland of the cotton rat (KARASEK et al., 1983a) , it is possible that the nervi conarii of this animal may contain sympathetic fibers, together with myelinated fibers.
The origin of presumptive pinealopetal, myelinated fibers of the cotton rat remains unknown. In this connection, the observation by KENNY (1961) seems interesting. According to him, the nervi conarii of the rhesus monkey are principally parasympathetic in nature, because marked degeneration occurs in the nervi conarii following sectioning of the greater petrosal nerve. Further investigation using retrograde tracers are needed to clarify the origin of intracapsular and intrapineal myelinated fibers of the cotton rat.
A close topographical relation exists between intrapineal neurons and intracapsular and intrapineal myelinated fibers in the cotton rat. Since myelinated fibers traced continuously between the capsule and the parenchyma decrease in number toward the proximal level, intracapsular fibers may mainly enter the organ at its distal region. In addition, the density of intrapineal and intracapsular fibers increases with advancing differentiation of intrapineal neurons. Based on these striking relationships between intrapineal neurons and myelinated fibers, it is tentatively supposed that, in the cotton rat, the presumptive pinealopetal, intracapsular myelineated fibers enter the gland to innervate intrapineal neurons. Since myelinated fibers traced continuously between the capsule and the parenchyma do not dichotomize in a distal direction, it seems unlikely that intracapsular myelinated fibers in the cotton rat are derived from intrapineal neurons.
Relations between intrapineal neurons and pinealopetal fibers have been studied in certain species. DAVID and his co-workers have demonstrated by lesion studies that fibers entering the pineal gland from the habenula make synaptic connections with intrapineal neurons in the rhesus monkey (DAVID et al., 1975) and ferret . Some investigators believe that intrapineal neurons of the rhesus monkey (KENNY, 1961) and rabbit (ROMIJN, 1975) are parasympathetic in nature, though they could not identify degenerating terminals on intrapineal neurons following severance of the preganglionic parasympathetic fibers. Whether or not intracapsular myelinated fibers terminate in synaptic contact with intrapineal neurons in the cotton rat should be determined by experimental studies at the electron microscopic level. Such studies will enrich our knowledge concerning pineal innervation.
